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I.  Statement of Work 
 
The objective of this task is to conduct corrosion related research and predict the durability of SS-46, Mn-
24, and AISI 4340 steel for Bernold shields or rock bolts.  The importance of these results is that we have 
used the Yucca Mountain water chemistry (furnished by the DOE) as an electrolyte for conducting 
corrosion experiments on rock bolts and other materials. During this period, we used potentiodynamic and 
EIS tests to obtain corrosion rates.   We present the results of oxidation and immersion tests of steels as per 
SIP-UNR-040.   
 
General Statements  
High-Strength Low-Alloy (HSLA) commercial steels are used for rock manufacturing.  In general strength 
is used as criterion, with perhaps less emphasis on the corrosion aspects.  At University of Nevada, Reno, 
we have tested commercial rock bolts, such as Williams, Swellex Mn-24, SS-46 split set rock bolts and 
AISI 4340 steel (baseline) that may be potentially used for rock bolts of different types, and related 
materials for ground support of the repository.  In this report No.12, we report corrosion rates of rock bolts 
and steels in aerated, deaerated under ambient air environments at 20oC, 25oC, 45oC and 75oC, in simulated 
1X YM water with AISI 4340 steel.  We also report potentiodynamic polarization tests using sodium 
bicarbonate and/or sodium silicate in both pure water and simulated seawater under deaerated conditions on 
4340 steel at 25oC as these show an unusual passivation at higher electrochemical potentials (above Ecorr).  
We compared corrosion rates from obtained few years back on tests performed on Williams Rock Bolt 
Carbon Steel – RCBS by Dr. Vinay Deodeshmukh on YM Task 18.  Additionally, corrosion rates were 
determined for Swellex Mn-24 steel using J-13 well water, and oxidation studies were done on Swellex 
Mn-24 and SS-46 steels to determine the oxidation kinetics using Thermogravimetric analysis (TGA).  
 
Progress for the Period 4/1/07 to 6/30/07 on rock bolts 
Subtask 1: High-Strength Low-Alloy Steels selection, Stainless Steels for Rock Bolts, Steel Sets (I-beams) 
and Perforated Roof supports.  In this report we show detailed study performed on AISI 4340 
Subtask 2: Electrochemical tests to evaluate corrosion rate and possible corrosion mechanisms on Mn-24   
     Swellex rock bolts, and AISI 4340 steel. 
Subtask 6: Thermogravimetric (TGA) analysis of Swellex Mn-24 and SS-46 steels for reliability tests at 
different temperatures. 
Subtask 7: Microstructure Characterization Studies  
 
II.  Introduction 
 
This 12th report shows the work done in accordance to cooperative agreement of University of Nevada 
system for the Task 019 “Subsurface Corrosion Research on Rock Bolt System, Perforated SS Sheets and 
Steel Sets for the Yucca Mountain Repository”, the overall objective of which is to conduct corrosion 
research and predict the durability of rock-bolts and other underground metallic roof supports. We are 
performing oxidation tests using Thermogravimetric Analyzer (TGA), and Potentiodynamic and immersion 
tests to determine the corrosion rates of rock bolts. 
 
In this quarter: 
¾ Potentiodynamic tests were performed to determine corrosion rates (CR) of 4340 Steel in pure 
water and simulated seawater using sodium bicarbonate and/or sodium silicate as electrolyte(s) at 
25oC under deaerated conditions (improved CR’s). 
¾ Immersion corrosion tests were performed on 4340 steel in aerated and deaerated environments at 
25oC, 45oC and 75oC in simulated, 1X YM electrolyte. 
¾ Immersion corrosion tests were performed on 4340 steel for 110 days in an ambient air 
environment at 20oC in simulated, 1X YM electrolyte. 
¾ Oxidation studies were performed on Swellex Mn-24 and SS-46 steels using TGA to determine 
the oxidation kinetics of these steels at high temperatures.  
¾ Potentiodynamic, potentiostatic and corrosion rate tests were performed on Swellex Mn-24 steels 
using simulated J-13 well water. 
 
III. Results and Discussion 
 
3.1 Thermogravimetric Analyses of Swellex Mn-24 and Split set SS-46 HSLA Rock bolts in pure oxygen 
(600-900 oC) 
 
3.1.1 Introduction 
 
Oxidation experiments are designed to estimate reaction rates and kinetic parameters which lead to 
information about the oxidation mechanisms and description of the reaction behavior and hence also the 
limiting lifetime estimates for materials. Metals and alloys may oxidize even near room temperature and 
this behavior is usually accelerated at higher temperatures. Measurable parameters at higher temperatures 
can then be extrapolated to lower temperatures in most cases. Thermogravimetry provides a means of 
continuous recording of weight change data for a metal or alloy as it reacts with its atmosphere which can 
be used for quantitative evaluation of different parameters [1]. High Strength Low Alloy (HSLA) steels are 
proposed candidate materials for use as Rock Bolt and underground roof support materials in the Yucca 
mountain repository. These steels derive their properties from microalloying elements like C, Si, Mn, Cu, 
etc. the effect of these alloying elements is explained in various texts [1-2]. Two alloys, namely Split set 
SS-46 and Swellex Mn-24, were studies using isothermal thermogravimetry at temperatures ranging from 
600 to 900oC under pure oxygen atmosphere. Table 1 shows chemical composition of the alloys under 
study. 
 
Table 3.1.1 - Chemical composition of SS46 and Mn-24 as received from LTI* 
Alloy Ni Cr Mo Si Mn C P S V   
SS-46 
(ASTM 
A607-
98, 
Grade 
50) 
0.06 0.02 0.03 - 0.68 0.07 0.01 0.01 V 0.038 
Cb/Nb 
0.007 
Cu+Ni+ 
Cr+Mo   
0.22 
Swellex 
Mn-24 0.05 0.042 0.027 0.24 1.16 0.16 0.013 0.004 
Al 
0.054 
Cu     
0.17 
N            
0.006 
*LTI (Quality Assured Vendor): Laboratory Testing Inc., Hatfield, PA 
 
Presence of increased Mn content in Mn-24, and the absence of Si and Al in SS-46 are readily observed 
from the composition table. Cu and very low levels of Cr are not expected to play any significant role in the 
oxidation behavior of Mn24. The carbon content of ~0.1 wt% in both the steels is well below the carbon 
contents at which the steels undergo decarburization [3].  
 
A brief background for oxidation kinetics and determining the parameters involved and their relationships 
was given in the 6th Quarterly report. The reader is referred to that report for understanding the procedure of 
analyses. 
 
3.1.2 Experimental 
 
UNR has state-of-the-art Thermogravimetric apparatus (TGA) from TA Instruments with a continuous 
weighing capacity of 1.0 g, sensitivity of 0.1 µg, can handle heating rates from 0.1 to 50 oC.min-1 and has 
the ability to perform temperature Modulated TGA (MTGA). The TGA is weight and temperature 
calibrated appropriately in accordance with IPR-035 [4]. Flow rates of 10:90 ml/min to balance and furnace 
respectively of high purity Argon: Oxygen gas was maintained as the starting condition. Samples with 
nominal dimensions 2 mm x 3 mm x 5 mm were polished and prepared in accordance with IPR-036 [5]. 
They were then introduced into the furnace on tared alumina pans and the set-up was allowed to equilibrate 
for 20 minutes before starting the experiments. Isothermal experiments at 600, 675, 750, 825, and 900 oC 
were run on the samples with holding times equal to 100 hours. Details of the oxidation procedures are 
listed in IPR-036. 
 
3.1.3 Results and Discussion 
 
Raw data of the isothermal experiments performed on SS-46 and Mn-24 are shown in Figures 3.1.1 and 
3.1.2, respectively (Figures are shown below this Conclusion section). From the log-lot plot of these data, 
three regions were distinguished based on the observation of an abrupt change in slope in the curves. A 
representative of such a log-log plot is shown in Figure 3.1.3 for Mn-24 at 775oC.  It also demarcates the 
three regions: (1) initial oxidation region (that can be considered as incubation period for lower 
temperatures) (2) a second stage oxidation with time exponent of rate law varying from 0.4 to 0.65, 
depending upon material and temperature) (3) a parabolic-type oxidation for longer oxidation time. In 
between the last two oxidation regions, there is a transient portion where the kinetics underwent a transition 
from the second oxidation regime to parabolic-type oxidation.  
 
A linear regression fit to the data for the second oxidation regime gives the values of rate constants and the 
index of rate law (also known as time exponent). The units of rate constant depend upon time exponent and 
the values of the time exponent varies from 0.4 to 0.6 for the two alloys. It would be questionable to 
compare the oxidation rates at different temperatures and impossible to determine the activation energy 
from the different units. For this reason a common value of n = 0.52 has been assumed for calculation 
purposes. An Arrhenius plot of ln k versus 1/T is used to determine activation energy; Figures 3.1.4 and 
3.1.5 show two such plots for SS-46 and Mn-24 respectively. The slope of a trendline fit to data gives the 
activation energy and the intercept yields pre-exponential factor (ko).  Activation energy for SS-46 was 
calculated to be about 106.7 kJ/mole and the pre-exponential factor was 121.4 kg.m-2.s-0.52, whereas for 
Mn-24, activation energy was found to be about 82.6 kJ/mole and the pre-exponential factor was 9.15 
kg.m-2.s-0.52 for the second oxidation regime. Steels are known to follow parabolic kinetics after a few hours 
of oxidation. For SS-46 and Mn-24, a transition period was observer between the times when the kinetics 
changed from second stage oxidation to parabolic kinetics. Figures 3.1.6 (a) and (b) show Arrhenius plots 
for SS-46 and Mn-24 respectively. As seen from the plots, scatter in temperature dependence of the 
parabolic constants on the Arrhenius plot is attributed to oxide-scale failure and the formation of different 
oxides [6]. The higher value of rate constant for Mn-24 at 825 and 900 oC illustrates breakaway oxidation 
which is also seen from weight gain data of Figure 3.1.2. A reversal of oxidation rates is also observed 
from Figure 2 and is reflected in a jump in the parabolic rate at 750 oC. This inversion in oxidation rates is 
attributed to the Si content of Mn-24. Silicon is known to improve oxidation resistance and additions of Al 
and Si together have shown to have synergistic effects[7]. Similarly for SS-46, breakaway oxidation is 
observed at 900 oC from Figure 1 and mirrored in the parabolic rate constant of Figure 3.1.6(a). Breakaway 
oxidation could be a result of different effects one of which could be the cracking of the protective film as a 
result of stress release, etc. Further X-ray scans and SEM results need to be obtained before the claims can 
be verified. 
 
3.1.4 Conclusions 
 
Oxidation kinetics studies have been performed on SS-46 and Mn-24 at different temperatures. Three 
regions of oxidation have been identified. Breakaway oxidation and inversion of oxidation rates are 
observed for both the alloys. 
 
3.1.5 References 
 
1. O. Kubaschewski and B.E. Hopkins, Oxidation of metals and alloys, 1962, 2nd edition, New York: 
Academic Press Inc.  
2. P. Kofstad, High temperature corrosion, 1988, New York: Elsevier Applied Science Publishers Ltd. 
3. R.Y. Chen and W.Y.D. Yuen, Oxidation of Metals, 2003, 59(5/6), June, p.433. 
4. http://hrcweb.nevada.edu/qa/IPR/IPR-035.pdf  
5. http://hrcweb.nevada.edu/qa/IPR/IPR-036.pdf  
6. R. Jha, C. W. Haworth and B.B. Argent, Calphad, 2001, 25(4), p.667. 
7. J. S. Dunning, D. E. Alman, and J. C. Rawers, 2001 report to Department of Energy. 
 
 
 
 
Figure 3.1.1. Weight gain versus time plot of SS-46 at 600, 675, 750, 775, 800, 825, and 900oC. 
 
 
Figure 3.1.2. Weight gain versus time plot of Mn-24 at 600, 675, 750, 775, 800, 825, and 900 oC. 
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Figure 3.1.3. Log-log plot of weight gain per unit surface area versus time for Mn-24 at 775oC showing the 
different oxidation regimes. 
 
 
Figure 3.1.4. A plot of ln k (kg.m-2.s-0.52) versus 1/T (K) to determine the activation energy for SS-46 for 
the first oxidation regime.  
 
 
Figure 3.1.5. Arrhenius plot [ln k (kg.m-2.s-0.52) versus 1/T (K)] for Mn-24 for the first oxidation regime. 
 
 
Figure 3.1.6. A plot of ln kp(kg.m-2.s-1) versus 1/T (K) for (a) SS-46 and (b) Mn-24 for the parabolic 
oxidation régime. Scatter-in-temperature dependence of the parabolic constants on the Arrhenius plot is 
attributed to oxide-scale failure and the formation of different oxides [6]. 
 
3.2. Corrosion of Swellex rock bolts in J-13 and this YM Water Chemistry 
 
3.2.1 Introduction 
 
In general, rock bolts made of steels are being used as the rock reinforcement for under ground 
constructions. Corrosion study of carbon steels in J-13 [1] and YM water [1] has been performed at the 
University of Nevada, Reno (UNR) for the Yucca Mountain (YM) repository [1-3]. AI* Swellex rock bolt 
which is made up of High Strength Low Alloy (HSLA) is one of the materials used for the rock 
reinforcement in underground support. Details about the installation of rock bolt are given in previous 
Oxide separation observed at 
higher temperatures (>825oC) 
Inversion
Phenom
enon
Breakaway 
Oxidation 
Adherent Coating was observed in each 
experiment at different temperatures 
This rock bolt does not contain any Si or 
Al  
The rate increases due 
to possible cracks 
developed in the 
Al2O3/SiO2 film due to 
difference in the thermal 
expansions coefficients 
of these and iron oxides.   
 Possible reason for 
decrease in the rates 
may be due to initial 
formation of adherent 
Al2O3/SiO2 film.     
* This rock bolt contains 
Si (0.24 wt.%) and Al 
(0.054 wt.%) 
Normal 
quarterly report. In this study, we compare corrosion rates of Swellex rock bolts at ambient conditions in J-
13 and YM water designated for this study. Table 3.2.1 shows the differences in compositions.  
 
Table 3.2.1 – Composition of J-13 and YM water  
Ions Na+ SiO2(aq) Ca2+ K+ Mg2+ HCO3- Cl- SO42- F- NO3- pH 
J-13 51.0 66.4 14.0 4.9 2.1 120.0 7.5 22.0 2.2 5.6 7.1 
1X YM Water 61.3 70.5 101 8.0 17.0 200 117 116 0.86 ---- 8.0 
* In our studies we obtained Swellex rock bolts in “as–inflated” condition and is referred to as “AI” 
 
3.2.2 Experimental Procedures for Corrosion Test 
 
3.2.2(a).Specimen and Electrolyte Preparation:  Swellex rock bolt was procured from commercial vendor. 
Small circular discs of 1.88cm diameter were punched out from samples without applying any heat, which 
can alter the properties of material at the edges.  These discs were polished around the diameter to eliminate 
any cold working effects at the edges during punching. Discs of diameter 1.87 cm were soldered to thick 
copper wire for good electrical conductivity and mounted in epoxy resin. The front side of the disc with 
area of 2.75 cm2 is exposed for testing. After molding, the electrical connection between the specimen and 
the wire were checked with a voltmeter. Before the experiment the specimen was grinded manually by 
using SiC emery papers ranging from coarse (200 grit) to fine (600-grit) followed with disc polishing if 
necessary. The specimen was degreased with acetone and cleaned with de-ionized water before the 
experiment. 
 
Chemical compositions used for this study are given in Table 3.2.1. The electrolyte preparation (1X) for the 
experiments was prepared by using above mentioned chemical compositions in 1 liter of distilled, de-
ionized water.  These solutions were stirred for half-hour at ~60oC to dissolve the salts.  After few hours, 
the solution was vacuum-filtered twice and stored for experimentation. The solution was maintained 
between a pH of 7 and 8. 
 
3.2.2(b).Test cell and Procedures: Electrochemical potentiodynamic scans were performed by using 
ASTM-G59 [4]. These tests were conducted in a typical 1 liter Pyrex glass flask covered with a 
polytetrafluoroethylene lid with many ports, which contains the  working electrode, counter electrode 
(platinum), gas purge, thermocouple, inlet and outlet for the gas, Luggin probe connected to a silver/silver 
chloride (Ag/AgCl) reference electrode through salt bridge (agar-agar solution) and gas trap. A heating bath 
was used to control the temperature and thermocouple for monitoring the temperature. This type of setup 
was adopted from D.A. Jones’s textbook, Principles & Prevention of Corrosion [5]. 
 
All potentiodynamic scans were performed by using a commercially available potentiostat and controlled 
by commercial electrochemistry software. The electrolyte was conditioned (de-aerated) by the continuous 
purging of nitrogen gas for one hour before immersing the specimen.  The polished and cleaned (distilled 
de-ionized water) specimens were introduced into the cell. A distance of 1 mm was maintained between the 
specimen and Luggin probe to avoid variation in corrosion current (Icorr). When it reached a steady open 
circuit potential, the potentiodynamic scans were started by sweeping the voltage from -0.8V to -0.2V at a 
rate of 0.2mV/sec.  Same setup was used for potentiostatic experiments. Potentiostatic scan was run for 2 
hours at constant potential for experiments at 25oC. 
 
3.2.3 Results and Discussion  
 
Potentiodynamic Scan: Potentiodynamic (PD) polarization scan for the inflated Swellex rock bolt is shown 
in Figure 3.2.1. Similar to the PD at 25oC for AI Swellex rock bolt in YM water [6], this PD also showed 
the active, passive and trans-passive region in anodic region. J-13 water composition also contains anions 
like chlorides, silicates, bicarbonates similar to the YM water. But, in addition to these anions, J-13 also 
contains anions like nitrates. Uniform corrosion for AI Swellex rock bolt in J-13 water is relatively less as 
compared with the pitting corrosion. After the breakdown of passive layer at -4.3V, trans-passive region 
started which is the initial point for the pitting corrosion. Photograph taken after the experiment showed the 
pitting corrosion on the specimen. Photograph of the sample after the experiment is shown in Figure 3.2.2. 
From the photograph it can be seen that there are lot of pits through out the sample. Also a Scanning 
Electron Microscopy (SEM) micrograph is taken to see the severity of the pit. SEM micrograph is shown in 
Figure 3.2.3.  
 
 
Figure 3.2.1. Potentiodynamic polarization scan of AI Swellex rock bolt in J-13 water. 
 
 
Figure 3.2.2. Pitting corrosion on the surface of AI swellex rock bolt in J-13 water. (Picture is taken after 
the potentiodynamic scan). 
 
 
Figure 3.2.3. SEM micrograph of AI Swellex rock bolt showing pits on the specimen’s surface after the 
potentiodynamic experiment (without any etching in as-is condition). 
 
Potentiostatic Scan:  Potentiostatic scan of AI rock bolt was taken at a constant potential of -0.5V to study 
the passive layer formed during the potentiodynamic scan. At -0.5V, potentiostatic scan was run for two 
hours to observe the behavior of the current.  With in few seconds after the experiment start, the current 
dropped down to almost zero amps and maintained until the end of two hours. Potentiostatic scan of AI 
rock bolt is shown in the Figure 3.2.4.  After the experiment, the sample is stored in desiccator for the SEM 
characterization. In the SEM characterization, similar to the YM water sample it also showed as thick 
passive is formed on the surface. Passive layer formed on the surface of the AI sample is shown in the 
Figure 3.2.5(a) and the magnified image is shown in Figure 3.2.5(b). While SEM analysis, due to some 
technical difficulty it was not possible to do the EDS analysis to find out the passive layer. But, from the 
composition of the J-13 water it could be carbide or silicate due to its higher percentage in solutuion as 
compared to other anions (nitrate, chlorides). 
 
 
Figure 3.2.4. Potentiostatic scan of AI rock bolt in J-13 water at -0.5V. Eventually after a few hundred 
seconds current is going down to zero due to the formation of thick passive layer. 
 
  
Figure 3.2.5. (a) Passive layer formed on the AI Swellex rock bolt; (b) magnified section of passive layer. 
 
 
 
Comparison of Corrosion Rates: Corrosion rate of  AI  rock bolt in YM water is more than that of J-13 
water. This is because of the pH and also due to the quantity of ions present in the salt. pH of J-13 water is 
around 7 which is near neutral where as pH for YM water is near 8 which is basic. The chloride, carbonate, 
silicate and other anions present in the YM water is higher than in J-13 water. Corrosion rates of YM and J-
13 waters are given in Table 3.2.2. Potentiodynamic plots of AI water in both water chemistries are shown 
in Figure 3.2.6. Plot trend for both the PD’s look similar. The passive and transpassive regions also look 
similar. For the J-13 the passive range is quite larger than that of YM water. Passive range for J-13 is up to 
around 0.35V where as for YM water it only up to 0.5V.  
 
Table 3.2.2 – Corrosion rates of AI Swellex rock bolt in J-13 and YM water  
Electrolyte Corrosion Rate (mm/year) 
YM water (1X) 33.4 
J-13 water (1X) 9.7 
  
Figure 3.2.6. Comparison of Potentiodynamic plots of AI rock bolt in J-13 and YM waters. 
 
3.2.4 Summary Corrosion rate of AI Swellex rock bolt in the J-13 water is less than the corrosion rate in 
YM water. We observed a passive region in the active (anodic) region in both J-13 and YM water for AI 
Swellex rock bolt. 
 
3.2.5 References 
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3.3 Longer term Immersion tests on AISI 4340 steels and Comparison with 1144 Rock bolt 
Steel 
3.3.1 Introduction 
 
AISI-SAE 4340 steel is currently being studied as a potential candidate material for use as rock bolts, I-
beams and Brenold shields within the Yucca Mountain Nuclear Waste Repository, northwest of Las Vegas, 
Nevada.  In this study, laboratory immersion corrosion tests were performed on AISI 4340 steel at 25oC, 
45oC and 75oC, under both nitrogen and compressed air environments.  These results were compared to 
AISI 1144 steel and/or AISI 1513 (Swellex Mn-24) steel, where applicable.  Additionally, immersion tests 
at 20oC under an ambient air environment (i.e. – no purging of gas) were performed over a 110-day period.  
These results were compared to results obtained by Dr. Ahmet Yilmaz on AISI 1144 steel from YM Task 
18.   
3.3.2 Experimental 
 
A. Immersion Corrosion Tests 
 
Immersion corrosion tests of AISI 4340 steel were carried out at 25oC, 45oC and 75oC, under nitrogen and 
compressed air, as well as at 20oC in a tightly-sealed reaction vessel without any purging of gas.  The 
nitrogenated and aerated tests were done to compare the immersion corrosion behavior of AISI 4340 steel 
versus AISI 1144 steel (RBCS)[1] and AISI 1513 steel (a.k.a. Swellex Mn-24).[2]  The coupons that had no 
gas purge were allowed to sit in solution for 110 days continuously, periodically measuring their mass loss 
approximately every 10 days.  This was done to compare the results against Yilmaz’s AISI 1144 steel. 
 
All coupons were tested using 1X Yucca Mountain solution, in three different positions within the reaction 
vessel – fully immersed, partially immersed and non-immersed.  Gas flow was maintained at ~ 100 
milliliters per minute throughout the experiments.  The dimensions of the test coupons were 39.5 mm x 
17.1 mm x 2.5 mm for the aerated specimens, 25mm x 13 mm x 0.5 mm for the deaerated specimens, and 
40 mm x 17.5 mm x 3 mm for the 110-day immersion test.  Each 3 mm hole on every specimen was 
ignored in the mass loss measurements and subsequent rate calculations.  The nitrogenated tests were run 
for a total of 7 days at each temperature, and the aerated tests were run for a total of 10 days at each 
temperature.   
 
A condenser was used for all experiments, with the exception of the 110-day experiment.  This condenser 
supplied ~14oC water to reduce the loss of solution due to evaporation. [3]  All reaction vessels maintained a 
constant level of solution by topping off between measurements.  Figure 3.1.1 shows the experimental 
setups for the immersion corrosion tests, as well as the specimens themselves.  Mass loss measurements 
were taken approximately every 48 hours for all samples.  Additionally, each test was run in duplicate for 
repeatability. 
 
All specimens were cleaned & polished to a mirror finish prior to weighing using Buehler Microcloth & a 
slurry of 1 micron deagglomerated alumina powder and distilled/deionized water.  For specimens that had a 
thick corrosion film, they were immersed in a solution of hexamethylene-tetramine & hydrochloric acid 
solution for at least 10 minutes, followed by polishing using 600-grit SiC emery paper and then using the 
alumina slurry and Microcloth. 
 
 
Figure 3.3.1 – Experimental setups and specimens for immersion testing of AISI 4340 steel at UNR. 
(a) – Setup for aerated and deaerated immersion tests; (b) – 110-day immersion setup; (c) – immersion 
coupons used. 
 
Corrosion rates were calculated following ASTM G 31-72[4] and IPR-031[5] procedures.  In order to 
determine the estimated time for each test, the corrosion rates were calculated for each specimen, based on 
its weight loss during a specified time period.  Once these were found, they could be used to back-calculate 
the proper duration for each specimen.  When the actual test time exceeded the estimated test time, the test 
was considered complete.  The corrosion rates (CR) and exposure time (Hours) were calculated using the 
following relationships: 
DTA
WKCR ⋅⋅
⋅=    (3.3.1) 
 
where:   K = a constant 
(a) (b) (c) 
 T = time of exposure (hours) 
 A = surface area (cm2) 
 W = mass loss (g) 
 D = density (g/cm3) 
 
CR
Hours 2000=    (3.3.2) 
 
 
where CR is in mpy (mils per year). 
 
In the above equation, K depends on the units desired.  For mpy (mils per year), K = 3.45 x 106; for 
micrometers per year (μm/yr), K = 8.76 x 107.   
 
3.3.3 Results 
 
Aerated Immersion Corrosion Tests 
 
Table 3.3.1, shown below, identifies each sample used in the aerated experiments.  All specimens used for 
the aerated tests had dimensions of 39.5 x 17.1 x 2.5 mm, with a hole diameter of 3 mm.  The area for all 
specimens was 16.1976 cm2, density (ρ) = 7.87 g/cm3 and K = 8.76 x 107 for a corrosion rate in μm/yr. 
 
Table 3.3.1 – Specimen Identification for aerated tests 
      Specimen Designations - Aerated 
Specimen Environment 25oC 45oC 75oC 
    
First 
Set 
Second 
Set 
First 
Set 
Second 
Set 
First 
Set 
Second 
Set 
Non-Immersed - Vapor 1 4 7 10 13 16 
Partially Immersed - Vapor & Liquid 2 5 8 11 14 17 
Fully Immersed - Liquid 3 6 9 12 15 18 
 
Immersion Tests at 25oC: 
 
Table 3.3.2 – 3.3.4 shows the mass loss, normalized mass loss and corrosion rate of samples 1 – 6, along 
with digital photographs of the coupons prior to and after immersion shown in Figure 3.3.2.  Figures 3.3.3 
to 3.3.6 show the corrosion rates of the first and second set, as well as the average corrosion rates and 
averaged normalized mass loss for these samples.  Figure 3.3.7 shows the comparison of corrosion rates 
between AISI 1144, 1513 & 4340 steels, over a period of ~10 days.  The average starting pH for these 
samples was 8.23.  The average ending pH was 8.86. 
 
 
 
Table 3.3.2 – Mass loss of AISI 4340 steel specimens at 25oC in aerated 1X YM solution 
  Final Mass (grams) at 25oC 
Time             
(hours) Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 Sample #6 
0 14.3851 14.2595 14.3828 13.5553 13.5650 13.5087 
48.25 14.3604 14.2282 14.3588 13.5248 13.5465 13.4837 
106 14.3424 14.1953 14.3376 13.4975 13.5216 13.4588 
163.5 14.3155 14.1510 14.3123 13.4636 13.4764 13.4305 
212 14.3013 14.1013 14.2865 13.4290 13.4266 13.4019 
240 14.2953 14.0650 14.2716 13.4076 13.3906 13.3800 
 
Table 3.3.3 – Normalized mass loss of AISI 4340 steel specimens at 25oC in aerated 1X YM solution 
  Normalized Mass Loss (grams) at 25oC 
Time         
(hours) Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 Sample #6 
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
48.25 0.9983 0.9978 0.9983 0.9977 0.9986 0.9981 
106 0.9970 0.9955 0.9969 0.9957 0.9968 0.9963 
163.5 0.9952 0.9924 0.9951 0.9932 0.9935 0.9942 
212 0.9942 0.9889 0.9933 0.9907 0.9898 0.9921 
240 0.9938 0.9864 0.9923 0.9891 0.9871 0.9905 
 
Table 3.3.4 – Corrosion rate (μm/yr) of AISI 4340 steel specimens at 25oC in aerated 1X YM solution 
  Corrosion Rate (CR) in μm/yr at 25oC 
Time        
(hours) Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 Sample #6 
0 0 0 0 0 0 0 
48.25 351.7858 445.7853 341.8162 434.3914 263.4833 356.0585 
106 276.8221 416.2055 293.0295 374.7147 281.3601 323.4993 
163.5 292.5298 456.0271 296.3126 385.4165 372.3871 328.6758 
212 271.6357 512.8015 312.1542 409.3984 448.6203 346.1897 
240 257.1247 556.9126 318.3994 422.9100 499.3602 368.5072 
 
    
(a)     (b) 
    
(c)     (d) 
Figure 3.3.2 – “Before and after” shots of samples 1-3 (a,c) and 4-6 (b,d).  The specimens showed 
extensive generalized corrosion, especially in the case of the half-immersed and full-immersed specimens. 
No pitting occurred during immersion at this temperature.   
 
Figure 3.3.3 – Immersion corrosion rates of AISI 4340 steel at 25oC in aerated 1X YM solution – 1st set. 
 
Figure 3.3.4 – Immersion corrosion rates of AISI 4340 steel at 25oC in aerated 1X YM solution – 2nd set. 
 
Figure 3.3.5 – Average immersion corrosion rates of AISI 4340 steel at 25oC in aerated 1X YM solution. 
 
 
 
 
 
Figure 3.3.6 – Average normalized mass loss of AISI 4340 steel at 25oC in aerated 1X YM solution. 
 
 
Figure 3.3.7.  Corrosion rate comparison of AISI 4340 & 1513 steels at 25oC in aerated, 1X YM solution 
after 10 days of exposure. 
 
Immersion Tests at 45oC: 
 
Table 3.3.5 – 3.3.7 shows the mass loss, normalized mass loss and corrosion rate of samples 7 – 12, along 
with digital photographs of the coupons prior to and after immersion shown in Figure 3.3.8.  Figures 3.3.9 
to 3.3.12 show the corrosion rates of the first and second set, as well as the average corrosion rates and 
averaged normalized mass loss for these samples.  The average starting pH for these samples was 8.13.  
The average ending pH was 9.22. 
 
Table 3.3.5 – Mass loss of AISI 4340 steel specimens at 45oC in aerated 1X YM solution 
  Final Mass (grams) at 45oC 
Time             
(hours) Sample #7 Sample #8 Sample #9 Sample #10 Sample #11 Sample #12 
0 13.3588 13.4039 13.4400 13.6102 13.5480 13.4780 
48 13.3332 13.3636 13.4106 13.5771 13.4654 13.4412 
96 13.3196 13.3259 13.3912 13.5464 13.3664 13.4021 
144 13.2744 13.2604 13.3570 13.5091 13.2390 13.3615 
192 13.2211 13.1547 13.3175 13.4693 13.1045 13.3183 
240 13.1668 12.9978 13.2801 13.4309 12.9300 13.2720 
 
 
Table 3.3.6 – Normalized mass loss of AISI 4340 steel specimens at 45oC in aerated 1X YM solution 
  Normalized Mass Loss (grams) at 45oC 
Time         
(hours) Sample #7 Sample #8 Sample #9 Sample #10 Sample #11 Sample #12 
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
48 0.9981 0.9970 0.9978 0.9976 0.9939 0.9973 
96 0.9971 0.9942 0.9964 0.9953 0.9866 0.9944 
144 0.9937 0.9893 0.9938 0.9926 0.9772 0.9914 
192 0.9897 0.9814 0.9909 0.9896 0.9673 0.9882 
240 0.9856 0.9697 0.9881 0.9868 0.9544 0.9847 
 
 
Table 3.3.7 – Corrosion rate (μm/yr) of AISI 4340 steel specimens at 45oC in aerated 1X YM solution 
  Corrosion Rate (CR) in μm/yr at 45oC 
Time        
(hours) Sample #7 Sample #8 Sample #9 Sample #10 Sample #11 Sample #12 
0 0 0 0 0 0 0 
48 351.7858 445.7853 341.8162 434.3914 263.4833 356.0585 
96 276.8221 416.2055 293.0295 374.7147 281.3601 323.4993 
144 292.5298 456.0271 296.3126 385.4165 372.3871 328.6758 
192 271.6357 512.8015 312.1542 409.3984 448.6203 346.1897 
240 257.1247 556.9126 318.3994 422.9100 499.3602 368.5072 
 
    
(a)     (b) 
    
(c)     (d) 
Figure 3.3.8 – “Before and after” shots of samples 7-9 (a,c) and 10-12 (b,d).  The specimens showed 
extensive generalized corrosion, especially in the case of the half-immersed and full-immersed specimens, 
due to the concentration effect.  No pitting occurred during immersion at this temperature.   
 
 
Figure 3.3.9 – Immersion corrosion rates of AISI 4340 steel at 45oC in aerated 1X YM solution – 1st set. 
 
Figure 3.3.10 – Immersion corrosion rates of AISI 4340 steel at 45oC in aerated 1X YM solution – 2nd set. 
 
Figure 3.3.11 – Average immersion corrosion rates of AISI 4340 steel at 45oC in aerated 1X YM solution. 
 
Figure 3.3.12 – Average normalized mass loss of AISI 4340 steel at 45oC in aerated 1X YM solution. 
 
Immersion Tests at 75oC: 
 
Table 3.3.8 – 3.3.10 shows the mass loss, normalized mass loss and corrosion rate of samples 13 – 18, 
along with digital photographs of the coupons prior to and after immersion shown in Figure 3.3.13.  Figures 
3.3.14 to 3.3.17 show the corrosion rates of the first and second set, as well as the average corrosion rates 
and averaged normalized mass loss for these samples.  Figure 3.3.18 shows the comparison of corrosion 
rates between AISI 1513 & 4340 steels over a period of 10 days.  The average starting pH for these samples 
was 8.15.  The average ending pH was 7.945. 
 
Table 3.3.8 – Mass loss of AISI 4340 steel specimens at 75oC in aerated 1X YM solution 
  Final Mass (grams) at 75oC 
Time             
(hours) Sample #13 Sample #14 Sample #15 Sample #16 Sample #17 Sample #18 
0 12.6648 12.7226 12.7218 13.3154 13.1514 13.3098 
48 12.6288 12.5815 12.6441 13.2706 13.0552 13.2788 
96 12.5817 12.4178 12.6013 13.2173 12.8348 13.1436 
144 12.5293 12.2931 12.5552 13.1632 12.6624 13.0556 
192 12.4767 12.0290 12.4861 13.1170 12.5347 13.0102 
240 12.4283 11.8601 12.4355 13.0731 12.2207 12.9488 
 
Table 3.3.9 – Normalized mass loss of AISI 4340 steel specimens at 75oC in aerated 1X YM solution 
  Normalized Mass Loss (grams) at 75oC 
Time         
(hours) Sample #13 Sample #14 Sample #15 Sample #16 Sample #17 Sample #18 
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
48 0.9972 0.9889 0.9939 0.9966 0.9927 0.9977 
96 0.9934 0.9760 0.9905 0.9926 0.9759 0.9875 
144 0.9893 0.9662 0.9869 0.9886 0.9628 0.9809 
192 0.9851 0.9455 0.9815 0.9851 0.9531 0.9775 
240 0.9813 0.9322 0.9775 0.9818 0.9292 0.9729 
 
 
 
 
Table 3.3.10 – Corrosion rate (μm/yr) of AISI 4340 steel specimens at 75oC in aerated 1X YM solution 
  Corrosion Rate (CR) in μm/yr at 75oC 
Time        
(hours) Sample #13 Sample #14 Sample #15 Sample #16 Sample #17 Sample #18 
0 0 0 0 0 0 0 
48 515.3947 2020.0610 1112.3936 641.3801 1377.2492 443.8121 
96 594.8514 2181.8377 862.5703 702.2253 2266.3051 1189.7028 
144 646.6295 2049.6485 795.0441 726.3248 2333.5928 1213.0865 
192 673.2344 2482.4846 843.6009 710.0994 2207.2495 1072.3074 
240 677.1714 2469.5997 819.7639 693.7786 2664.8770 1033.6527 
 
    
(a)     (b) 
    
(c)     (d) 
Figure 3.3.13 – “Before and after” shots of samples 13-15 (a,c) and 16-18 (b,d).  The specimens showed 
extensive generalized corrosion, especially in the case of the half-immersed and full-immersed specimens, 
due to the concentration effect.  No pitting occurred during immersion at this temperature.   
 
 
Figure 3.3.14 – Immersion corrosion rates of AISI 4340 steel at 75oC in aerated 1X YM solution – 1st set. 
 
Figure 3.3.15 – Immersion corrosion rates of AISI 4340 steel at 75oC in aerated 1X YM solution – 2nd set. 
 
Figure 3.3.16 – Average immersion corrosion rates of AISI 4340 steel at 75oC in aerated 1X YM solution. 
 
Figure 3.3.17 – Average normalized mass loss of AISI 4340 steel at 75oC in aerated 1X YM solution. 
 
 
Figure 3.3.18.  Corrosion rate comparison of AISI 1144, 1513 & 4340 steels at 75oC in aerated, 1X YM 
solution after ~ 10 days of exposure. 
 
Deaerated Immersion Corrosion Tests 
 
Table 3.3.11, shown below, identifies each sample used in the deaerated experiments.  All specimens used 
for the deaerated tests had dimensions of 25 x 13 x 0.5 mm, with a hole diameter of 3 mm.  The area for all 
specimens was 6.7386 cm2, density (ρ) = 7.87 g/cm3 and K = 8.76 x 107 for a corrosion rate in μm/yr. 
 
Table 3.3.11 – Specimen Identification for deaerated tests 
      Specimen Designations - Deaerated 
Specimen Environment 25oC 45oC 75oC 
    
First 
Set 
Second 
Set 
First 
Set 
Second 
Set 
First 
Set 
Second 
Set 
Non-Immersed - Vapor 1 4 1 4 1 4 
Partially Immersed - Vapor & Liquid 2 5 7 8 7 8 
Fully Immersed - Liquid 3 6 3 6 3 6 
 
Deaerated Immersion Tests at 25C: 
 
Table 3.3.12 – 3.3.14 shows the mass loss, normalized mass loss and corrosion rate of samples 1 – 6, and 
Figures 3.3.19 to 3.3.21 show the normalized mass loss for sets 1 & 2, as well as the averaged normalized 
mass loss for these samples.  Figure 3.3.22 shows the comparison of corrosion rates between AISI 1513 & 
4340 steels.  The average starting pH for these samples was 8.10.  The average ending pH was 9.30. 
 
Table 3.3.12 – Mass loss of AISI 4340 steel specimens at 25oC in deaerated 1X YM solution 
  Final Mass (grams) at 25oC 
Time             
(hours) Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 Sample #6 
0 1.1488 1.0039 1.2132 1.0645 1.1300 1.2774 
48 1.1488 1.0028 1.2132 1.0636 1.1293 1.2774 
96 1.1488 1.0019 1.2132 1.0627 1.1287 1.2774 
168 1.1481 1.0009 1.2132 1.0618 1.1278 1.2773 
 
 
 
 
 
 
Table 3.3.13 – Normalized mass loss of AISI 4340 steel specimens at 25oC in deaerated 1X YM solution 
  Normalized Mass Loss (grams) at 25oC 
Time         
(hours) Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 Sample #6 
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
48 1.0000 0.9989 1.0000 0.9992 0.9994 1.0000 
96 1.0000 0.9980 1.0000 0.9983 0.9988 1.0000 
168 0.9994 0.9970 1.0000 0.9975 0.9981 0.9999 
 
Table 3.3.14 – Corrosion rate (μm/yr) of AISI 4340 steel specimens at 25oC in deaerated 1X YM solution 
  Corrosion Rate (CR) in mm/yr at 25oC 
Time        
(hours) Sample #1 Sample #2 Sample #3 Sample #4 Sample #5 Sample #6 
0 0 0 0 0 0 0 
48 0 37.8539 0 30.9714 24.0889 0 
96 0 34.4127 0 30.9714 22.3682 0 
168 6.8825 29.4966 0 26.5469 21.6308 0.9832 
 
 
Figure 3.3.19 – Normalized mass loss of AISI 4340 steel at 25oC in deaerated 1X YM solution – 1st set. 
 
Figure 3.3.20 – Normalized mass loss of AISI 4340 steel at 25oC in deaerated 1X YM solution – 2nd set. 
 
Figure 3.3.21 – Average normalized mass loss of AISI 4340 steel at 25oC in deaerated 1X YM solution. 
 
Figure 3.3.22.  Corrosion rate comparison of AISI 1513 & 4340 steels at 25oC in deaerated, 1X YM 
solution. 
Deaerated Immersion Tests at 45oC: 
 
Table 3.3.15 – 3.3.17 shows the mass loss, normalized mass loss and corrosion rate of samples 7 – 12, and 
Figures 3.3.23 to 3.3.25 show the normalized mass loss for sets 1 & 2, as well as the averaged normalized 
mass loss for these samples.  Figure 3.3.26 shows the comparison of corrosion rates between AISI 1513 & 
4340 steels over a period of ~ 7 days.  The average starting pH for these samples was 7.85.  The average 
ending pH was 9.27. 
 
Table 3.3.15 – Mass loss of AISI 4340 steel specimens at 45oC in deaerated 1X YM solution 
  Final Mass (grams) at 45oC 
Time             
(hours) Sample #1 Sample #7 Sample #3 Sample #4 Sample #8 Sample #6 
0 1.1479 0.7932 1.2127 1.0635 1.1852 1.2768 
48 1.1472 0.7916 1.2127 1.0629 1.1841 1.2768 
96 1.1467 0.7908 1.2127 1.0626 1.1832 1.2768 
168 1.1455 0.7895 1.2122 1.0607 1.1822 1.2764 
 
 
Table 3.3.16 – Normalized mass loss of AISI 4340 steel specimens at 45oC in deaerated 1X YM solution 
  Normalized Mass Loss (grams) at 45oC 
Time         
(hours) Sample #1 Sample #7 Sample #3 Sample #4 Sample #8 Sample #6 
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
48 0.9994 0.9980 1.0000 0.9994 0.9991 1.0000 
96 0.9990 0.9970 1.0000 0.9992 0.9983 1.0000 
168 0.9979 0.9953 0.9996 0.9974 0.9975 0.9997 
 
 
Table 3.3.17 – Corrosion rate (μm/yr) of AISI 4340 steel specimens at 45oC in deaerated 1X YM solution 
  Corrosion Rate (CR) in mm/yr at 45oC 
Time        
(hours) Sample #1 Sample #7 Sample #3 Sample #4 Sample #8 Sample #6 
0 0 0 0 0 0 0 
48 24.0889 55.0603 0 20.6476 37.8539 0 
96 20.6476 41.2952 0 15.4857 34.4127 0 
168 23.5973 36.3791 4.9161 27.5301 29.4966 3.9329 
 
 
Figure 3.3.23 – Normalized mass loss of AISI 4340 steel at 45oC in deaerated 1X YM solution – 1st set. 
 
Figure 3.3.24 – Normalized mass loss of AISI 4340 steel at 45oC in deaerated 1X YM solution – 2nd set. 
 
Figure 3.3.25 – Average normalized mass loss of AISI 4340 steel at 45oC in deaerated 1X YM solution. 
 
Figure 3.3.26.  Corrosion rate comparison of AISI 1513 & 4340 steels at 45oC in deaerated, 1X YM 
solution over a period of ~ 7 days. 
 
Deaerated Immersion Tests at 75oC: 
 
Table 3.3.18 – 3.3.20 shows the mass loss, normalized mass loss and corrosion rate of samples 13 – 18, and 
Figures 3.3.27 to 3.3.29 show the normalized mass loss for sets 1 & 2, as well as the averaged normalized 
mass loss for these samples.  The average starting pH for these samples was 8.17.  The average ending pH 
was 8.96. 
Table 3.3.18 – Mass loss of AISI 4340 steel specimens at 75oC in deaerated 1X YM solution 
  Final Mass (grams) at 75oC 
Time             
(hours) Sample #1 Sample #7 Sample #3 Sample #4 Sample #8 Sample #6 
0 1.1453 0.7890 1.2119 1.0602 1.1821 1.2761 
48 1.1368 0.7875 1.2115 1.0585 1.1812 1.2760 
96 1.1315 0.7859 1.2107 1.0567 1.1797 1.2753 
168 1.1287 0.7765 1.2089 1.0530 1.1783 1.2749 
 
Table 3.3.19 – Normalized mass loss of AISI 4340 steel specimens at 75oC in deaerated 1X YM solution 
  Normalized Mass Loss (grams) at 75oC 
Time         
(hours) Sample #1 Sample #7 Sample #3 Sample #4 Sample #8 Sample #6 
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
48 0.9926 0.9981 0.9997 0.9984 0.9992 0.9999 
96 0.9880 0.9961 0.9990 0.9967 0.9980 0.9994 
168 0.9855 0.9842 0.9975 0.9932 0.9968 0.9991 
 
Table 3.3.20 – Corrosion rate (μm/yr) of AISI 4340 steel specimens at 75oC in deaerated 1X YM solution 
  Corrosion Rate (CR) in mm/yr at 75oC 
Time        
(hours) Sample #1 Sample #7 Sample #3 Sample #4 Sample #8 Sample #6 
0 0 0 0 0 0 0 
48 292.5078 51.6190 13.7651 58.5016 30.9714 3.4413 
96 237.4475 53.3396 20.6476 60.2222 41.2952 13.7651 
168 163.2144 122.9024 29.4966 70.7918 37.3623 11.7986 
  
Figure 3.3.27 – Normalized mass loss of AISI 4340 steel at 75oC in deaerated 1X YM solution – 1st set 
 
Figure 3.3.28 – Normalized mass loss of AISI 4340 steel at 75oC in deaerated 1X YM solution – 2nd set 
 
Figure 3.3.29 – Average normalized mass loss of AISI 4340 steel at 75oC in deaerated 1X YM solution 
 
110-Day Immersion Corrosion Tests - both fully immersed 1X YM solution at 20oC 
 
Table 3.3.22 – 3.3.24 shows the mass loss, normalized mass loss and corrosion rate of samples I – VI.  
Figures 3.3.30 and 3.3.31 show the mass loss for sets 1 & 2.  Figures 3.3.32, 3.3.33 and 3.3.34 show the 
normalized mass loss for sets 1 & 2 and the averaged normalized mass loss for these sets, respectively.  
Figure 3.3.35 shows the mass loss rate comparison of AISI 1144 steel after 108 days[3] & AISI 4340 steel 
after 110 days – both fully immersed 1X YM solution at 20oC.  Table 3.3.21, shown below, identifies each 
sample used in the 110-day immersion experiments.  All specimens used for the 110-day tests had 
dimensions of 40 x 17.5 x 3 mm, with a hole diameter of 3 mm.  The area for all specimens was 17.3086 
cm2, density (ρ) = 7.87 g/cm3 and K = 8.76 x 107 for a corrosion rate in μm/yr. 
 
Table 3.3.21 – Specimen Identification for 110-day tests 
      Specimen Designations – 110-Day Test 
Specimen Environment 20oC 
    First Set Second Set 
Non-Immersed - Vapor I IV 
Partially Immersed - Vapor & Liquid II V 
Fully Immersed - Liquid III VI 
 
Table 3.3.22 – Mass loss of AISI 4340 steel specimens at 20oC for 110 days in 1X YM solution 
  Final Mass (grams) at 20oC 
Time             
(days) Sample I Sample II Sample III Sample IV Sample V Sample VI 
0 16.2568 15.9488 16.1761 16.8653 16.0725 14.4389 
10 16.2120 15.8500 16.0860 16.8126 15.9549 14.3286 
20 16.2031 15.7913 16.0162 16.8043 15.8917 14.2450 
30 16.1943 15.7097 15.9485 16.7942 15.8200 14.1835 
40 16.1902 15.6075 15.8791 16.7903 15.7368 14.0987 
50 16.1896 15.5064 15.8016 16.7893 15.6327 14.0106 
61.5 16.1890 15.4406 15.7196 16.7893 15.5492 13.9310 
70 16.1761 15.3662 15.6520 16.7887 15.4763 13.8636 
80 16.1759 15.3049 15.5830 16.7886 15.4090 13.7865 
92 16.1745 15.2655 15.5372 16.7868 15.3714 13.7444 
100 16.1727 15.2377 15.5114 16.7867 15.3422 13.7166 
110 16.1716 15.2096 15.4729 16.7861 15.3076 13.6625 
  
Table 3.3.23 – Normalized mass loss of AISI 4340 steel specimens at 20oC for 110 days in 1X YM solution 
  Normalized Mass Loss (grams) at 20oC 
Time             
(days) Sample I Sample II Sample III Sample IV Sample V Sample VI 
0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
10 0.9972 0.9938 0.9944 0.9969 0.9927 0.9924 
20 0.9967 0.9901 0.9901 0.9964 0.9888 0.9866 
30 0.9962 0.9850 0.9859 0.9958 0.9843 0.9823 
40 0.9959 0.9786 0.9816 0.9956 0.9791 0.9764 
50 0.9959 0.9723 0.9768 0.9955 0.9726 0.9703 
61.5 0.9958 0.9681 0.9718 0.9955 0.9674 0.9648 
70 0.9950 0.9635 0.9676 0.9955 0.9629 0.9602 
80 0.9950 0.9596 0.9633 0.9955 0.9587 0.9548 
92 0.9949 0.9572 0.9605 0.9953 0.9564 0.9519 
100 0.9948 0.9554 0.9589 0.9953 0.9546 0.9500 
110 0.9948 0.9537 0.9565 0.9953 0.9524 0.9462 
 
Table 3.3.24 – Corrosion rate of AISI 4340 steel specimens at 20oC for 110 days in 1X YM solution 
  Corrosion Rate (CR) in μm/yr at 20oC 
Time             
(days) Sample I Sample II Sample III Sample IV Sample V Sample VI 
0 0 0 0 0 0 0 
10 120.0423 264.7361 241.4243 141.2104 315.1110 295.5505 
20 71.9450 211.0118 214.2272 81.7252 242.2282 259.7790 
30 55.8232 213.5573 203.2859 63.5045 225.5258 228.1160 
40 44.6139 228.6296 198.9540 50.2409 224.8783 227.8927 
50 36.0127 237.0835 200.6957 40.7286 235.6901 229.5273 
61.5 29.5400 221.4194 198.8941 33.1127 227.9984 221.2887 
70 30.8910 223.0122 200.6191 29.3215 228.2181 220.2179 
80 27.0966 215.6675 198.6525 25.6898 222.2323 218.5144 
92 23.9700 199.0122 186.0807 22.8633 204.1965 202.2743 
100 22.5347 190.5403 178.1074 21.0610 195.6850 193.5414 
110 20.7541 180.0634 171.2941 19.2925 186.3237 189.1250 
  
 
Figure 3.3.30 – Mass loss of AISI 4340 steel at 20oC for 110 days in 1X YM solution – 1st set 
 
Figure 3.3.31 – Mass loss of AISI 4340 steel at 20oC for 110 days in 1X YM solution – 2nd set 
 
Figure 3.3.32 – Normalized mass loss of AISI 4340 steel at 20oC for 110 days in 1X YM solution – 1st set 
 
Figure 3.3.33 – Normalized mass loss of AISI 4340 steel at 20oC for 110 days in 1X YM solution – 2nd set 
 
Figure 3.3.34 – Average normalized mass loss of AISI 4340 steel at 20oC for 110 days in 1X YM solution 
 
Figure 3.3.35 – Mass loss rate comparison of AISI 1144 steel after 108 days[3] & AISI 4340 steel after 110 
days – both fully immersed in 1X YM solution at 20oC 
 
3.3.4 Discussion 
 
Aerated Immersion Corrosion Tests 
 
As can be seen from Tables 3.3.2 to 3.3.10 & Figures 3.3.3 – 3.3.6, 3.3.9 – 3.3.12 & 3.3.14 – 3.3.17, the 
actual (or projected) corrosion rates for the partially-immersed specimens are much higher than the 
actual/projected corrosion rates for the non-immersed or full-immersed samples for all temperatures tested.  
This is due to the concentration effects at the vapor-solution interface caused by the reduction of oxygen 
just above the interface, and iron dissolution below the interface.  This creates preferential anodes and 
cathodes above and below the water line, giving rise to higher corrosion rates than samples that are fully 
immersed in solution or not immersed in solution.[6]  This fact is further supported by observing the 
degradation of the partially-immersed specimen (middle coupon) after the tests were completed in Figures 
3.3.2, 3.3.8 & 3.3.13.  For the full-immersed and non-immersed samples, corrosion rates were pretty close 
to each other for each temperature studied.  The amount of time required for all aerated immersion tests 
was 197 hours, per ASTM G 31-72.  Therefore, all aerated tests exceeded the required amount for the tests 
to be valid.  However, in retrospect, a better corrosion rate and/or projected corrosion rate would have been 
achieved if the samples had been run for at least twice the amount of time required. 
 
Figure 3.3.7 shows a comparison of corrosion rates between AISI 1513 & 4340 steels at 25oC in aerated, 
1X YM solution after 10 days.  Based on this comparison, it’s clear that both steels corrode at about the 
same rate over a defined time period.  Only in the non-immersed position does AISI 4340 steel corrode 
less.  Figure 3.3.18 shows a comparison of corrosion rates between AISI 1144, 1513 & 4340 steels at 75oC 
in aerated, 1X YM solution after approximately 10 days of exposure.  Just as in Figure 3.3.7, 4340 steel 
corrodes less than 1513 steel in the non-immersed position.  In all cases, however, 1144 steel corrodes the 
least, and by a relatively large percentage, compared to the other two steels.  This is an interesting 
observation, since it was recently found that the 4340 steel used for the Yucca Mountain study during the 
past two years has a bulk hardness value of ~ 23 HRC, which is pretty soft.  This translates to a Brinell 
hardness value of about 245 HB (254 VHN). The hardness values for the regions of ferrite and 
ferrite/cementite were determined to be 165 VHN and 180 VHN, respectively.  These harness values are 
much lower than the values of ferrite and pearlite in the 1144 steel as observed by Dr. Yilmaz.[6]  Based on 
this information, one would conclude that the hardness is possibly a function of corrosion rate, and that the 
1144 steel rock bolts obtained from the Yucca Mountain site should corrode at a faster rate (and lose more 
mass) relative to commercially-availably 4340 steel.  However, this appears to not be the case. 
 
Deaerated Immersion Corrosion Tests 
 
Observations from Tables 3.3.12 – 3.3.20 and Figures 3.3.19 – 3.3.21, 3.3.23 – 3.3.25 & 3.3.27 – 3.3.29 
show that AISI 4340 steel corrodes very little under a reducing (nitrogenated) environment.  In some cases, 
the metal wasn’t able to corrode at all.  This made it a problem, for in order to complete the tests under 
ASTM G 31-72 specifications, the tests would have had to run for over 5 years continuously, if not 
indefinitely.  This is obviously impractical from a experimental standpoint. 
 
For 25oC and 45oC, the fully immersed specimens weighed exactly, or virtually the same, after 7 days of 
testing as when they were initially immersed in the solution.  For 75oC, the fully immersed specimens 
corroded at rates comparable to specimens at 25oC and 45oC in the partially immersed and non-immersed 
positions.  This indicates that at higher temperatures, thermodynamics and kinetics are favorable to force 
film formation on the surface of the metal, whereas at lower temperatures this is not the case.  For all 
temperatures, the partially immersed specimens either corroded, or were projected to corrode, at a higher 
rate than the non-immersed specimens at the same temperature.  This is due to similar concentration effects 
at the solution-vapor interface of the partially immersed samples, as explained in the previous discussion 
for the aerated tests.   
 
Figure 3.3.22 shows a comparison of corrosion rates between 1513 & 4340 steels at 25oC in deaerated, 1X 
YM solution.  Because the corrosion rate measurements for 1513 steel was taken very sparsely, compared 
with the measurements for 4340 steel, it can be concluded that had 1513 steel’s rate been measured after 7 
days, the non-immersed and half-immersed specimens would have corroded at a similar rate relative to 
4340 steel.  Only in the fully immersed position did 4340 steel corrode drastically lower than 1513 steel.  
This might possibly be due to the 4340 steel’s chemistry, specifically the relatively large amounts of 
chromium and nickel in the steel, relative to the 1513 steel, which has minimal amounts of those elements 
(please see past quarterly reports for the chemical analyses of these steels for reference).   
 
Figure 3.3.26 shows a comparison of corrosion rates between 1513 and 4340 steel at 45oC in deaerated, 1X 
YM solution after ~ 7 days.  Based on this chart, it is clear that 1513 steel corrodes substantially more than 
4340 steel at this temperature under reducing conditions, for all specimen positions.  Again, this could be 
due to the material’s chemistry, or some other factor, such as kinetics and/or thermodynamics, etc.  No 
comparison is shown for 75oC under deaerated conditions for 1513 steel because no study was done.  
However, it would be interesting to see how that material compares to 4340 steel at that temperature and 
environmental condition. 
 
110-Day Immersion Corrosion Tests 
 
Tables 3.3.21 – 3.3.23 show the mass loss, normalized mass loss and corrosion rate for samples I – VI of 
AISI 4340 steel at 20oC for 110 days in 1X YM solution in ambient air.  Figures 3.3.30 – 3.3.34 correspond 
to these tables for all samples tested.  As can be seen in these tables and figures, the non-immersed samples 
(for all practical purposes) do not corrode at all in still, unaffected solution.  For the partially-immersed and 
fully immersed specimens, the overall corrosion rates are very close to one another, and show virtually the 
same mass loss behavior.  Figure 3.3.34 shows the average rates of each specimen are virtually the same for 
most of the time exposed in solution.  This indicates that the mass loss behavior of material that is fully- 
and partially-immersed under an ambient, motionless solution is virtually the same.  If there had been a 
supply of air fed into the reaction vessel, the effects would be similar to the aerated tests presented earlier. 
 
Figure 3.3.35 shows a comparison of mass loss rates between AISI 1144 steel after 108 days[3] & AISI 
4340 steel after 110 days, fully immersed 1X YM solution at 20oC.  Looking at this graph, it is clear that 
the 1144 steel rock bolt material shows a linear corrosion rate over this time period.  Therefore, it will 
continuously corrode at a constant rate forever when completely immersed in normal Yucca Mountain 
solution.  However, the 4340 steel exhibits a parabolic corrosion rate over a similar period.  This indicates 
that the curve will flatten out over time and eventually the material will stop corroding (rusting) altogether, 
if left in solution indefinitely. 
 
3.3.5 Summary 
 
In this study, laboratory immersion corrosion tests were performed on AISI 4340 steel at 25oC, 45oC and 
75oC, under both nitrogen and compressed air environments.  These results were compared to AISI 1144 
steel and/or AISI 1513 (Swellex Mn-24) steel.  Additionally, immersion tests at 20oC under an ambient air 
environment were performed over a 110-day period and compared to results from AISI 1144 steel over a 
108-day period.  Results show that for the aerated and deaerated tests, the partially-immersed specimens 
corroded at a much higher rate than both the non-immersed and fully-immersed specimens for all 
temperatures tested for AISI 4340 steel.  However, when compared against AISI 1513 & 1144 steels under 
aerated, 4340 and 1513 steels corrode much more than 1144 steel, and corrode at rates similar to each other 
in the partially-immersed and fully-immersed positions.  For deaerated conditions, 1513 steel corrodes 
more than 4340 steel for the same time period.  This is evident at 45oC, where 4340 steel corroded at a 
fraction of the rate for all three positions as compared to 1513 steel.  For ambient, aerated conditions 
without any purging of gas over a 108- to 110-day period, 1144 steel continually corrodes at a linear rate 
indefinitely, whereas 4340 steel corrodes at a parabolic rate.  Eventually, if given enough time, the mass 
loss rate of 4340 steel will flatline and the material will stop corroding under these conditions. 
 
Addendum to Quarterly Report #7 
 
During the compilation of the immersion results for 4340 steel, it was found some calculation errors that 
had been made concerning the corrosion rates of AISI 1513 (Swellex Mn-24) steel; the data themselves are 
fine. Presented below are tables of the re-calculated results for this material. 
Aerated 25oC 
Corrosion rate in (μm/year) 
Time 
(Hours) Sample#a(fully Immersed) Sample#b(Half Immersed) Sample#c(Non-Immersed) 
0 0 0 0
48 135.34388 169.17985 82.17307
96 176.430415 276.3270883 215.100095
144 213.7573978 428.0518744 315.8023867
192 219.933805 455.1743583 305.7321575
240 233.6293167 523.007422 372.5179173
288 232.6357207 509.956405 401.7350089
336 261.2505167 606.28534 429.7398367
384 255.3810117 599.7828491 427.783335
432 259.7671559 631.2467207 466.0054492
480 265.0484317 623.7097136 468.2253753
 
Aerated 75oC 
First set- Corrosion rate in (μm/year) 
Time(hrs) Sample# I(fully Immersed) Sample# II(Half Immersed) Sample# III(Non-Immersed) 
0 0 0 0
48 276.806 1600.077 1336.773
96 373.014 1566.320 1078.533
144 408.458 1416.664 1028.460
192 820.292 1838.063 996.672
240 957.345 2082.800 1163.938
288 1112.289 2395.614 1456.047
336 1129.409 2634.002 1665.661
384 1178.115 2505.183 1537.626
432 1277.136 2531.767 1481.177
480 1265.208 2392.013 1392.134
 
Second set- Corrosion rate in (μm/year) 
Time(hrs) Sample# I(fully Immersed) Sample# II(Half Immersed) Sample# III(Non-Immersed) 
0 0 0 0
48 665.011 2268.463 320.690
96 577.243 2590.841 516.480
144 574.992 2703.927 688.641
192 556.989 2721.649 719.866
240 559.014 2862.584 795.987
288 544.611 2868.773 825.356
336 562.293 3115.279 878.161
384 534.203 2909.422 851.939
432 522.482 2896.716 877.304
480 505.341 2804.860 877.004
 
De-aerated 25oC 
Time (hrs) Corrosion Rate(CR) in  (μm/year) 
 Sample#A(fully Immersed) Sample#B(Half Immersed) Sample#C(Non-Immersed) 
0 0 0 0
222 24.10690728 30.7871346 25.55913061
353 16.25667341 50.77927199 39.08907988
 
De-aerated 45oC 
                                        Corrosion Rate(CR) in  (μm/year) [Set I] 
Time (Hours) Sample# 1(fully Immersed) Sample# 2(Half Immersed) Sample# 3(Non-Immersed) 
0 0 0 0
41 121.094 50.325 388.445
88 321.661 97.451 535.613
164 217.419 79.026 313.351
224 169.832 69.948 261.081
277 149.209 77.514 249.768
365 118.535 69.602 210.925
 
Corrosion Rate(CR) in  μm/year) [Set II] 
Time (Hours) Sample# 4(fully Immersed) Sample# 5(Half Immersed) Sample# 6(Non-Immersed) 
0 0 0 0
41 184.000 154.120 248.479
88 239.597 106.976 197.100
164 148.222 77.060 216.633
224 120.322 65.054 181.059
277 103.352 59.590 162.710
365 78.964 65.715 139.910
 
 
3.4.1 Introduction 
 
Potentiodynamic scans of AISI 4340 steel were performed in solutions of sodium silicate (Na2SiO3) and/or 
sodium bicarbonate (NaHCO3), in both pure water and simulated seawater (3.5 wt.% NaCl solution) at 
25oC.  These potentiodynamic tests will be used to compare the potentiodynamic polarization and passivity 
ranges of AISI 1144 steel (RBCS), as tested by Vinay Deodeshmukh from YM Task 18.  Further tests at 
higher temperatures for both steels will be performed to determine their passivity ranges in different 
solutions containing sodium silicate, sodium bicarbonate and/or sodium phosphate.  The results from these 
tests will be used to determine what solutions would be best as a possible corrosion inhibitor for various 
temperature ranges.  Then, fresh electrochemical corrosion samples and immersion corrosion coupons will 
be soaked in these solutions for a specified period of time, immersed in Yucca Mountain solutions and run 
using potentiodynamic polarization and immersion corrosion tests to determine their suitability as corrosion 
inhibitors for these steels. 
 
3.4.2 Experimental 
 
Electrochemical Tests 
 
The electrochemical tests were performed using, quality-assured, commercially-available AISI 4340 steel.  
The chemical composition was analyzed by LTI[1] and is given in the 10th quarterly report. Disc-shaped test 
specimens approximately 0.25” thick were professionally cut and machined locally. The test specimens 
were mounted in epoxy with ~1.2 cm2 surface area. An electrical connection wire was spot welded to the 
back of the steel specimen.  Before the experiment, the sample was polished with 240 grit and 600 grit SiC 
emery papers and washed with deionized/distilled water before inserting them into the cell for 
electrochemical testing. 
 
All the electrochemical experiments were conducted in a typical 1 liter Pyrex glass flask covered with a 
polytetrafluoroethylene lid (please see Quarterly report No. 5 for the photos and description of the 
apparatus).  The reference electrode was a saturated silver/silver chloride (Ag/AgCl) electrode, which has a 
potential of 199mV more positive than the standard hydrogen potential.  Continuously purged nitrogen gas 
in the sealed cell maintained constant pressure above the solution.  A fritted glass capillary was used for 
continuous deaeration of the solution throughout the experiment at the rate of ~ 60 standard cubic 
centimeters per minute (sccm) by using a flow meter. An electrically-heated water bath surrounded the test 
cell and maintained the temperature of the solution.  The specimen was inserted into the electrolyte-filled 
cell and nitrogen was continuously purged for a minimum of 60 minutes, or until the steady-state open 
circuit potential was reached. The potentiodynamic tests were carried out at a scan rate of 0.2mV/sec using 
a commercially-available potentiostat.  
 
All electrolyte was prepared by mixing sodium silicate (Na2SiO3), sodium bicarbonate (NaHCO3) and/or 
sodium chloride (NaCl) in distilled, de-ionized water at room temperature. After adding the salt(s) to the 
de-ionized water, the solution was stirred until fully dissolved. If any excess or undissolved salts 
precipitated out from the solution at the bottom of the flask, the solution was filtered before use. The pH of 
the solution was measured before and after each experimental run.[2] 
 
The corrosion rate was calculated by following ASTM G59-97[3] and ASTM G102-89[4] procedures. During 
calculations, the polarization resistance (Rp) of the solution was neglected because it was shown by 
Yilmaz[5] that the electrolyte concentration was negligible. Tafel constants for both anodic and cathodic 
reactions are assumed to be constant (0.12V/decade).[6] From the polarization resistance (Rp) value, the 
corrosion current density was calculated using equation 3.1, where K1 = 3.27 x 10-3 mm·g/µA·cm·year, Icorr 
= µA/cm2, ρ = 7.87 g/cm3 and EW = 27.95 gm/equivalent.[4] 
 
    EWIKCR corrρ1=     (3.1) 
 
 
 
3.4.3 Results 
 
Electrochemical Polarization & Passivity 
 
Figures 3.4.1 – 3.4.4 show the representative potentiodynamic scans of AISI 4340 steel run with sodium 
bicarbonate (NaHCO3) and/or sodium silicate (Na2SiO3), both in pure water and simulated seawater (3.5% 
NaCl).  Tables 3.4.1 and 3.4.2 show the electrochemical and corrosion rate data for these figures.  
 
Figure 3.4.1. Potentiodynamic scans of AISI 4340 steel in deaerated bicarbonate solutions at 25oC. 
 
Figure 3.4.2. Potentiodynamic scans of AISI 4340 steel in deaerated SiO32- solutions at 25oC. 
 
 
Figure 3.4.3. Potentiodynamic scans of AISI 4340 steel in deaerated HCO3- and/or SiO32- solutions at 25oC. 
 
Figure 3.4.4. Potentiodynamic scans of AISI 4340 steel with different concentrations of HCO3- and/or 
SiO32- ions in deaerated, simulated seawater (3.5 wt.% NaCl solution) at 25oC. 
 
Table 3.4.1 – Electrochemical & Corrosion Rate Data for AISI 4340 Steel in Pure Water at 25oC 
Ionic Concentration Electrochemical & Corrosion Rate Data  
M (molarity) Initial Final Ecorr Icorr βa βc CR CR 
  pH pH (mV) (mA/cm2) (mV/decade) (mV/decade) (μm/yr) (mpy) 
0.1M HCO3- 8.13 9.06 -0.761 7.7325 120 120 89.7996 3.5354 
0.5M HCO3- 8.10 8.89 -0.749 25.7106 120 120 298.5846 11.7553 
1M HCO3- 7.96 8.71 -0.753 39.5296 120 120 459.0681 18.0735 
0.5M HCO3- + 0.01M 
SiO32- 8.49 8.90 -0.734 11.0747 120 120 128.6140 5.0635 
0.005M SiO32- 11.03 11.17 -0.817 0.8705 120 120 10.1095 0.3980 
0.01M SiO32- 11.34 11.36 -0.812 1.2256 120 120 14.2332 0.5604 
0.025M SiO32- 11.78 11.74 -0.797 1.0892 120 120 12.6490 0.4980 
 
 
 
 
 
 
Table 3.4.1 – Electrochemical & Corrosion Rate Data for AISI 4340 Steel in Simulated Seawater at 25oC 
Ionic Concentration Electrochemical & Corrosion Rate Data  
M (molarity) Initial Final Ecorr Icorr βa βc CR CR 
  pH pH (mV) (mA/cm2) (mV/decade) (mV/decade) (μm/yr) (mpy) 
0.1M HCO3- 8.13 9.06 -0.755 13.9926 120 120 162.4998 6.3976 
0.5M HCO3- 7.74 8.51 -0.732 26.6955 120 120 310.0222 12.2056 
1M HCO3- 7.85 8.52 -0.746 29.1029 120 120 337.9800 13.3063 
0.5M HCO3- + 0.01M 
SiO32- 8.15 8.53 -0.727 18.9841 120 120 220.4678 8.6798 
0.005M SiO32- 11.09 10.98 -0.789 5.4574 120 120 63.3788 2.4952 
0.01M SiO32- 11.12 11.10 -0.839 0.4499 120 120 5.2253 0.2057 
0.025M SiO32- 11.48 11.46 -0.793 4.8423 120 120 56.2347 2.2140 
 
Comparison Studies between AISI 1144 & 4340 Steels 
 
Figures 3.4.5 – 3.4.13 show representative potentiodynamic scans of AISI 4340 & 1144[7] steels using 
NaHCO3 and/or Na2SiO3, both in pure water and simulated seawater (3.5% NaCl). 
 
Figure 3.4.5. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated 1M NaHCO3 solution at 
25oC. 
 
Figure 3.4.6. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated 0.5M NaHCO3 solution at 
25oC. 
 
Figure 3.4.7. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated 0.1M NaHCO3 solution at 
25oC. 
 
Figure 3.4.8. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated [0.5M NaHCO3 + 0.01M 
Na2SiO3] solution at 25oC. 
 
Figure 3.4.9. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated 0.005M Na2SiO3 solution at 
25oC. 
 
Figure 3.4.10. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated 0.01M Na2SiO3 solution at 
25oC. 
 
Figure 3.4.11. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated 0.025M Na2SiO3 solution at 
25oC. 
 
Figure 3.4.12. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated solution of [0.1M NaHCO3 
+ 3.5% NaCl] at 25oC. 
 
Figure 3.4.13. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated solution of [0.5M NaHCO3 
+ 3.5% NaCl] at 25oC. 
 
Figure 3.4.14. Potentiodynamic scans of AISI 4340 & 1144 steels in deaerated solution of [1M NaHCO3 + 
3.5% NaCl] at 25oC. 
 
3.4.4 Discussion 
 
Figures 3.4.1 – 3.4.3 show the representative potentiodynamic scans of AISI 4340 steel run with sodium 
bicarbonate (NaHCO3) and/or sodium silicate (Na2SiO3) in pure water, and Table 3.4.1 shows the 
accompanying corrosion rates for these potentiodynamic scans.  Looking at these figures, it is clear that all 
scans exhibit large regions of passivity – especially the scans run using sodium silicate alone as the 
electrolyte.  Three different molarities of sodium silicate were tested, and in all amounts, the same region of 
passivity was obtained.  In fact, the scans themselves nearly overlap each other perfectly.  This indicates 
that at room temperature, sodium silicate is an excellent corrosion inhibitor for steels, even in small 
amounts.  This phenomenon has been confirmed extensively, as multiple studies have been done on the 
corrosion inhibiting properties of sodium silicate and its use as an inhibitor for low- and medium-carbon 
steel.[7-11]   
 
Figure 3.4.4 shows the representative potentiodynamic scans of 4340 steel run with sodium bicarbonate 
(NaHCO3) and/or sodium silicate (Na2SiO3) in simulated seawater (3.5% NaCl solution). In this figure, the 
only electrolyte concentration that didn’t generate any passivity was 0.5M HCO3-.  An electrolyte 
concentration of 0.1M HCO3- generated a potentiodynamic scan similar in shape to the scan of 100X YM 
solution at 25oC in nitrogen gas.[12]  After the scans run with bicarbonate electrolyte were completed, the 
corrosion products on the surface of specimen showed a white, porous structure, while the scans run with 
both bicarbonate and silicate showed little or no porous structure, as shown below in Figure 3.4.15.  
 
   
Figure 3.4.15.  Corrosion products on the surface of 4340 steel specimens: (a) 0.5M HCO3- in simulated 
seawater at +100 mV; (b) [0.5M HCO3- + 0.01M SiO32-] in simulated seawater at -100 mV 
 
When the specimen was removed from the solution, this white, porous structure turned golden yellow upon 
reaction with air, and when dried, turned a deep red/maroon color, similar to the color of rusted steel.  
Figure 3.4.16 shows photographs of two specimens after removal from the solution – one wet and one dry.   
 
   
Figure 3.4.16.  Corrosion products on the surface of 4340 steel specimens: (a) 0.5M HCO3- in simulated 
seawater at +100 mV; (b) 1M HCO3- in simulated seawater at -110 mV 
 
This material has already been identified in the literature[13] as iron carbonate, FeCO3, a porous, non-
adherent structure that comes off easily in the presence of water or solution, and iron hydroxide, Fe(OH)2, 
which gives it the reddish color.  The material below this is a dull-gray, very-adherent layer identified as 
iron hydrogen carbonate (iron bicarbonate), Fe(HCO3)2.[13]  This structure can be seen in Figure 3.4.16 (b), 
in between the reddish areas.  These reaction products are most likely due to the formation of dissolved 
carbon dioxide (CO2) in solution,[13-15] and subsequent formation of FeCO3 and Fe(HCO3)2 from the 
dissociation of HCO3- into OH- ions and CO2 gas.  This dissolved carbon dioxide pits the steel by attaching 
to the steel surface as small gas bubbles.  These bubbles then induce a crevice around themselves, which 
develops into a pit.[13]  Figure 3.4.17 shows an exposed Figure 3.4.16 (b) with the corrosion products 
polished off, followed by an optical micrograph of the pits on the surface. 
 
   
Figure 3.4.17.  (a) Exposed surface of 4340 steel specimen showing pits; (b) micrograph of a large pit 
 
(a) (b)
(a) (b)
(a) (b)
The pits on the surface are small near the center, but become very large near the edges of the sample.  This 
is due to edge effects, caused by increased current density at these sites.[16]  Figure 3.4.17 (b) shows a 
comparison of a large pit near the surface, versus a smaller pit that would be seen closer to the center of the 
specimen.  This type of pitting is not limited to just carbon steels, but has been known to occur in stainless 
steels as well.[17] 
 
Figures 3.4.5 – 3.4.14 show comparison potentiodynamic scans of AISI 4340 & 1144[7] steels using 
NaHCO3 and/or Na2SiO3, both in pure water and simulated seawater.  Of the nine figure presented, 
approximately half of them show the scans of both steels follow the same pattern (shape) throughout.  
These comparison scans showed extensive passivity for approximately 1000 mV, and most of these involve 
sodium bicarbonate as the principal electrolyte constituent.  However, no passive film breakup was 
observed for 4340 steel in 0.1M NaHCO3 solution, like that obtained for 1144 steel.  For the comparisons 
in simulated seawater, 4340 steel showed less passivity in 0.1M HCO3- compared to 1144 steel.  Also, no 
second oxidation peak was observed for 4340 steel in 0.5M & 1M NaHCO3 in 3.5% NaCl solution, 
compared to 1144 steel, which showed two oxidation peaks in the anodic region.  This implies that there is 
a breakup of the first passive film and the formation of a second passive film, which leads to greater 
passivity for the 1144 steel.[7]  However, there is no passivity for 4340 steel in [0.5M NaHCO3 + 3.5% 
NaCl] solution, and only one area of passivity for 4340 steel in [1M NaHCO3 + 3.5% NaCl] solution.  This 
passive area is roughly the same amount as the two passive areas for 1144 steel. 
 
Figures 3.4.9 – 3.4.11 show comparison potentiodynamic scans of 4340 and 1144 steels using Na2SiO3 in 
pure water.  In all three silicate molarities, the difference in passivity is phenomenal.  Like the scans for 
4340 steel, the scans for 1144 steel are virtually the same for all three concentrations.  Although there is 
some passivity from silicate ions for 1144 steel, this pales in comparison to the passivity obtained by 4340 
steel.  This shows that 4340 steel is an excellent potential candidate for rock bolts and Brenold shields 
inside the Yucca Mountain repository when sodium silicate, and possibly another potential inhibitor (like 
sodium phosphate) is used to pre-treat the surface of the steel prior to installation. 
 
3.4.5 Summary 
 
The passivity effects of sodium silicate and sodium bicarbonate have been investigated by potentiodynamic 
polarization using AISI 4340 steel at 25oC, and compared to the results of AISI 1144 steel at 25oC, 
originally tested by Mr. Vinay Deodeshmukh from YM Task 18.  The results from these tests, as well as 
other tests at higher temperatures, will be used to determine what type of material would be best as a 
possible corrosion inhibitor for 4340 steel, as compared to 1144 steel.  Results show that when sodium 
silicate is used solely as the electrolyte for 4340 steel, the steel exhibits an unbelievable amount of passivity 
that rivals the passive ranges of superalloys, such as Hastelloy® C-22.[18]  Although sodium bicarbonate 
alone gives a large amount of passivity for this high-strength steel, the corrosion rates are much higher than 
those obtained from using sodium silicate.  Also, sodium bicarbonate in simulated seawater induces pitting 
beyond the passive regions due to dissolved carbon dioxide bubbles attached to the surface of the steel.  
These CO2 bubbles diffuse through a porous, non-adherent layer of [FeCO3 + Fe(OH)2] on top of an 
adherent layer of Fe(HCO3)2 formed over the steel’s surface, enabling the carbon dioxide to continue to pit 
the surface of the steel.  However, when sodium silicate is used in pure water and simulated seawater, the 
silicate ions are able to adhere to the surface of the steel and prevent diffusion of chlorides or other ions 
from reaching the surface due to its amorphous structure.  This enables 4340 steel to obtain a very large 
passive region compared to 1144 steel, which further increases the possibility of using this high-strength 
steel in structural applications inside the Yucca Mountain repository. 
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